We previously isolated the human homeobox gene HOX4A (HOXD3) on chromosome 2 from a human genomic library and determined its nucleotide sequence. In the present study, expression of the HOX4A gene was investigated in human hematopoietic cell lines. Reverse transcriptase-mediated polymerase chain reaction analysis showed that the HOX4A gene was expressed in erythroleukemia HEL and K562 cells but not in promyelocytic leukemia HL-60 cells. To study the role of the HOX4A gene in erythropoiesis, expression vectors containing the HOX4A gene in the sense or antisense orientation were introduced into HEL cells. The sense transfectants overexpressing the HOX4A gene formed aggregates, which were composed of densely associated cells adhering to tissue-culture dishes, whereas the parental HEL cells and antisense transfectants adhered poorly to the OMEOBOX GENES WERE initially identified in Drosophila through genetic mutations that resulted in the transformation of one body segment to another, the so-called homeotic transformations.' The homeobox is a 183-bp DNA sequence that encodes a highly conserved 61-amino-acid homeodomain with a helix-turn-helix structure.* The homeodomain proteins appear to function as transcription factors regulating the expression of other genes, and homeodomain binding sites have been identified in the cis-regulatory sequences of structural Homeodomains can be subdivided into classes according to their primary sequence. Most homeodomains belong to the class I, which was the first to be discovered and is the most extensively studied. Approximately 40 class-I homeobox genes are arranged in four clusters (HOXI through HOX4) in the human and murine genomes.'.6 There is a marked resemblance between the HOX complexes and the Drosophila Antennapedia and Bithorax complexes (the HOM-C cluster) both in structural organization and expression patterns.' Direct evidence that the HOX genes play an actual role in determining the body plan during the embryonic development of vertebrates has been accumulating. The analysis of transgenic mice has shown that ectopic expression of HOX genes produces craniofacial abnormalities7 and vertebral transformations.8
dishes. Furthermore, the sense transfectants overexpressing the HOX4A gene attached more efficiently to fibronectin and collagen than did the antisense transfectants and parental HEL cells. Northern blot analysis showed that integrin p 3 mRNA levels were significantly increased in the HEL cells overexpressing the HOX4A gene, whereas the integrin @l and allb mRNA levels did not show a distinct correlation with HOX4A mRNA levels. Fluorescence-activated cell sorting analysis showed that the sense transfectants overexpressing the HOX4A gene expressed increased levels of integrin allbp3 (GP lib-Ilia) complex as compared with the parental HEL cells and antisense transfectants. These results implicate the homeobox gene HOX4A in the regulation of cell adhesion processes. 0 1995 by The American Society of Hematology.
ported in normal human bone marrow'"' and in leukemic cell Several studies have indicated that a number of class-I homeobox genes of the human HOX-I, HOX-2, and HOX-3 loci are expressed in lineage-restricted patt e r n~.~. '~ For instance, almost all homeobox genes in the HOX-2 cluster are exclusively expressed in leukemic cells with erythroid characters and potentials". However, homeobox genes of the HOX-4 locus have been reported to be silent in leukemic and normal hematopoietic cell^.'^^" We previously isolated the human HOX4A gene (HOXD3 by the most recently proposed nomenclature), a member of HOX-4 family on chromosome 2, and determined its nucleotide sequence. 16 In the present study, we have shown that the HOX4A gene is expressed in erythroleukemia HEL and K562 cells, and that overexpression of the HOX4A gene in HEL cells induces changes in cell-extracellular matrix adhesion, concomitant with increased expression of a cell surface fibronectin receptor, integrin aIIbp3.
MATERIALS AND METHODS
Cells and cell culture. Human promyelocytic leukemia HL-60, and the erythroleukemia HEL and K562 cells were provided by the Japanese Cancer Research Resources Bank (JCRB; Tokyo, Japan). The HL-60 cells, consisting predominantly of cells with promyelocytic features, were derived from a patient with acute promyelocytic leukemia." Human erythroblastic leukemia HEL cells were derived from the peripheral blood of a patient with Hodgkin's disease accompanied by erythroleukemia." The K562 cell line was originally established by Lozzio and L o~z i o~~ from a patient with chronic myelogenous leukemia in terminal blast crisis. The HEL and K562 cell lines have the characteristics of an erythroid lineage and display spontaneous globin synthesis.18~2".2' These cells were maintained in RPM1 1640 medium (Sigma, St Louis, MO) supplemented with 10% heat-inactivated fetal serum (Cytosystems, New South Wales, Australia) in a humidified 5% CO, incubator. Cell counts were performed, and aliquots were transferred into fresh medium at biweekly intervals. Usually, negatively charged tissue-culture flasks or dishes (Coming, New York, NY) were used for culture. Noncoated plastic dishes (Falcon, Lincoln Park, NJ) were also used in some experiments. For cell adhesion assays, fibronectin-or collagen(type 1)-coated dishes (Iwaki Glass, Chibd, Japan) were used. A hemocytometer was used for the enumeration of cell numbers. Cell viability was judged by the ability of cells to exclude 0.025% trypan blue dye. 
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RNA preparation and reverse transcriptase-mediated polymerase chain reaction (RT-PCR). To isolate cytoplasmic RNA, cells grown in tissue culture were lysed in a buffer containing 10 mmoV L Tris-HCI (pH 8.5), 1.5 mmol/L MgC12, 140 mmol/L NaCI, 0.5% Nonidet P-40, 1 mmol/L dithiothreitol, and 1,000 UlmL placental RNase inhibitor (Toyobo, Osaka, Japan). Cytoplasmic RNA samples were prepared according to the method described in the textbook** with a slight modification. RT-PCR was performed with an RNA PCR kit (Perkin-Elmer Cetus, Norwalk, CT). A total of 1 pg of cytoplasmic RNA was reverse-transcribed using random hexanucleotides as primers. The obtained cDNA was amplified in a 98-pL reaction mixture containing 10 mmoVL Tris-HC1 (pH 8.3), 50 mmoVL KCI, 2 m o V L MgCI2, 10 nmoVL primer F (forward) and R (reverse), and 2.5 U Taq polymerase. PCRs were run in the Iwaki thermal sequencer TSR-300 (Iwaki Glass) at 95°C for 1 minute, 65°C for 1 minute, and 72°C for 1 minute for 20, 25, 30, 35, or 50 cycles for the HOX4A cDNA, and for 25 cycles for the cytoplasmic p-actin, integrin pl, and integrin 8 3 cDNAs, followed by 72°C for 10 minutes. The PCR products were separated by 2% agarose or 7.5% polyacrylamide gel electrophoresis (PAGE). Primer pairs used for PCR amplification were as follows: HOX4A, primer F Cloning and sequencing. RT-PCR products were cloned directly into the pT7blue T-vector DNA by using the pT7blue T-vector kit (Novagen, Madison, WI). The nucleotide sequence of the fragments was determined by the dideoxy-chain termination method*' using synthetic primers.
Preparation of DNA probes. The probe that covers the nucleotide region encoding an N-terminal part of the HOX4A protein was prepared from the cloned HOX4A gene." A 248-bp Hue 111 (23-bp 5' of the ATG initiation codon)-Sph I fragment (nucleotides 1385-1632) and a 267-bp Sph I-Pst I fragment (nucleotides 1633-1899) were joined together and cloned into pUCl19 (Takara, Kyoto, Japan). Digestion of EcoRI and Pst I released the 529-bp genomic insert. This fragment is shown in Fig 1 as probe A. To detect the mRNA of integrin PI, p3, and aIIb, the fragments amplified by RT-PCR were used as probes. These probes were labeled with [(Y-~*P]-deoxycytidine triphosphate (3,000 pCi/mmol) using an Amersham random primer DNA labeling kit (Amersham, Arlington Heights, IL) .
Southern and Northern blot hybridization. Hybridization was performed as described previously.** RT-PCR products and genomic DNA were separated by 2% and 0.7% agarose gel electrophoresis, respectively, and were transferred onto nylon filters. The filters were hybridized at 42°C for 16 The radioactive band intensity on the filters was measured by Bio-Image Analyser BA100 (Fuji Film, Kanagawa, Japan).
Construction of plasmid vectors for transfections. The HOX4A genomic DNA, including the full coding region and intron, was inserted into a mammalian expression vector, pMAMneo (Clontech, Palo Alto, CA), in the sense orientation, according to the following processes. The following day, the cells were washed using fresh culture medium and cultured in a medium containing 600 pglmL G418 (GIBCO, Grand Island, NY). After culturing the cells for 2 weeks in (3418, surviving cells were isolated, and 50 cells were seeded in dishes (1 0 cm in diameter). The cells were cultured for 6 days, and small independent colonies, originating from single cells, were isolated with a micropipet. In all experiments using the transfectants, dexamethasone was added to the culture medium at a concentration of 2 pmol/L.
Fluorescence-activated cell sorting (FACS) analysis. Cultured cells were washed twice with cold phosphate-buffered saline (PBS). The cells were then stained with TP80 (a mouse monoclonal antihuman platelet GPIIb-IIIa complex antibody conjugated with fluorescein isothiocyanate; Nichirei, Tokyo, Japan). The cells then were washed 3 times with cold PBS, and FACS analysis was performed on a FACScan (Becton Dickinson, Mountain View, CA).
AssaJ> for hemoglobin (Hb). The Hb content of HEL cells was measured by a colorimetric method using 2,7-diaminofi~orene.*~ . :
RESULTS
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. . cycles of PCR. The RT-PCR products were separated by 2% agarose gel electrophoresis, and the predicted 434-bp fragments were obtained from both the erythroleukemia HEL and K562 cells but not from the promyelocytic leukemia HL-60 cells (Fig 2A) . The specificity of the RT-PCR products was confirmed by Southern blotting (Fig 2B) . using "Plabeled 529-bp HOX4A genomic DNA as a probe (probe A shown in Fig I) . In contrast, the 376-bp RT-PCR products of &actin mRNA were observed in all cell lines examined (Fig 2C) . The 434-bp fragments were cloned directly into the pT7Blue T-vector, and the nucleotide sequence was determined. The sequence matched exactly to the predicted HOX4A cDNA sequence."' Introdltction of the pMAMneo-HOX4A gene into HEL c.ell.s m d e..rpres.sion of the HOX4A gene in the tronsfectants. To investigate the function of the HOX4A gene in cell proliferation and differentiation, we attempted to overexpress the HOX4A gene in HEL cells. The 3.4-kb HOX4A genomic DNA, containing the complete coding region and intron, was inserted into a mammalian expression vector, pMAMneo, which posesses both the Rous sarcoma virus and dexamethasone-inducible mouse mammary tumor virus long terminal repeat promoters.3"." For an experimental transfection. the HOX4A genomic DNA was cloned into pMAMneo in the sense orientation [pMAMneo-HOX4A( +)l. As a control transfection, the fragment was inserted into pMAMneo in the antisense orientation [pMAMneo-HOX4A(-)]. These pMAMneo-HOX4A(+) and pMAMneo-HOX4A(-) plasmid constructs were transfected into HEL cells by means of Lipofectin," after which the HEL cells were cultured in neomycine(G-418)-containing medium for 2 weeks. In both cases, about 20 G418-resistant colonies were obtained when 10 p g of the plasmid DNA were transfected. When only 5 p g of DNA were transfected. colony development did not occur.
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From these colonies.
10 independent sense or antisense transfectants were isolated.
Cytoplasmic RNA was obtained from the parental HEL cells, the pMAMneo-HOX4A(+)-transfected HEL cells (sense transfectants). and the pMAMneo-HOX4A(
transfected HEL cells (antisense transfectants). The RNA was reverse-transcribed. and the obtained cDNA was amplified by 35 cycles of PCR. The RT-PCR products were separated by 7.5% PAGE (Fig 3A) .
In the sense transfectants. higher levels of HOX4A expression were found in the El and E6 cells than in the other transfectants or the parental HEL cells. Generation of a large amount of 434-bp RT-PCR products in the El and E6 transfectants indicates that the HOX4A mRNA transcribed from the exogenously introduced HOX4A gene was spliced in the same manner as endogenous HOX4A mRNA. The intensities of the RT-PCR products of the HOX4A mRNA from the C l -and C2-transfected cells and parental HEL cells were compared. The intensity of C2 was approximately equal, and that of C l appeared to be lower than that of the parental HEL cells. In contrast. the intensity of the 376-bp RT-PCR products of &actin mRNA did not differ between the parental HEL cells and the transfectants (Fig 3B) . To make a quantitative comparison of the mRNA amounts for the HOX4A gene between the parental HEL cells and the El and E6 transfectants, we performed PCR at varying numbers of cycles.
The PCR products, which were separated on 2% agarose gels. were blotted onto nylon filters and hybridized with a '>P-labeled probe A (Fig 4A) . The measurement of radioactivity for each signal showed that, within the range of 20 to 35 cycles, a linear relationship existed between the number of PCR cycles and radioactivity. Consequently, the HOX4A gene expression levels detected in the El and E6 transfectants were sevenfold to IO-fold higher than in the parental HEL cells (Fig 4B) . For further study, we used El and E6 as the sense transfectants producing high levels of HOX4A mRNA, and we used C 1 and C2 as the antisense transfectants producing low levels of HOX4A mRNA. The integration of the exogenous HOX4A gene in these HEL cell transfectants was confirmed by Southern blot analysis, using a "P-labeled probe A (data not shown).
Adhesive properties of the HOX4A-transfected HEL cells. The parental HEL cells propagating in tissue-culture flasks consisted of two populations, free single cells and cells adherent to the flasks. To compare the biologic properties of the transfectants expressing either high or low levels of the HOX4A message, the cells were seeded in tissue-culture flasks at a concentration of 5 X IO4 cells/mL. A remarkable difference was found in their ability to form aggregates and in adherence to negatively charged tissue-culture flasks and dishes. Figures 5A, B , C, and D are phase-contrast microscopic observations after 3 days of culture. The El cells formed a number of aggregates that were composed of densely associated cells adhering to the bottom of the tissueculture plates (Figs 5A and 5C ). In contrast, the C2 cells attached poorly to the tissue-culture plates (Figs 5B and   5D ). The cells of El and E6 showed identical morphologic changes, whereas differences were not observed in C1 and C2 as compared with the parental HEL cells. In suspension cultures in noncoated plastic dishes, the El and E6 cells formed many clumps floating in the medium, whereas most of the Cl, C2, and parental HEL cells grew as free cells (data not shown).
Because an apparent difference in the ability to adhere to tissue-culture plates between the transfectants was observed, we tested the ability of the parental HEL cells and transfec- tants to adhere to untreated, fibronectin-coated, and collagencoated tissue-culture dishes (Fig 6) . Cell attachment, at 37"C, was allowed to occur for IS minutes, 90 minutes, and 16 hours. The 16-hour experiment clearly showed that the El and E6 cells adhered more efficiently to the tissue-culture dishes than the Cl, C2 and parental HEL cells (Fig 6A) . When the cells were allowed to attach for 90 minutes, the number of El and E6 cells adherent to a collagen matrix was markedly greater than the Cl, C2, and parental HEL cells (Fig 6B) . It was found that the avidity of adhesion of the El and E6 cells for fibronectin was stronger than that of the Cl, C2, and parental HEL cells, even after just IS minutes of attachment (Fig 6C) . Almost all the El and E6 cells and 70% to 80% of the Cl, C2, and parental HEL cells attached to fibronectin after 90 minutes and 16 hours. Thus, the adhesive reactions of these cells on a fibronectin matrix reached the saturation point within 90 minutes. Furthermore, the adhesive properties between the transfectants and randomly isolated 12 native HEL cell clones were compared. As shown in Table I , the El and E6 transfectants overexpressing the HOX4A gene were more adhesive than all the native HEL cell clones examined. The above results indicate that cell-extracellular marix adhesion was increased in the sense transfectants overexpressing the HOX4A gene.
As for the rate of cell growth, there were no significant differences between the transfectants. The Hb contents (pg/ 10" cells) of the parental HEL, El, E6, Cl, and C2 cells were 0.60,0.49,0.53,0.S2, and 0.60, respectively, indicating that high expression of the HOX4A gene had little effect on Hb synthesis. Expression of integrin molecules in the parental and HOX4A-trmrsfecterl HEL cells.
To examine the possible involvement of integrin molecules in the promotion of cell adhesion, the levels of the integrin dTb, 01, and 0 3 subunit mRNA in the parental and HOX4A-transfected HEL cells were compared by RT-PCR and RNA hybridization analyses. The RT-PCR data suggested increased levels of integrin 0 3 mRNA in El and E6, whereas integrin aIIb and p1 mRNA were comparable in the parental HEL, El, E6, C l , and C2 cells (data not shown). The results of the RT-PCR tests were confirmed by Northern blot analysis, using cDNA fragments of integrin aIIb, , B I , and p3 as probes. A distinct correlation between the levels of HOX4A and integrin aIIb and 01 gene expression was not found (Fig 7A and B) . In contrast, 6.0-kb hybridizing signals corresponding to integrin p 3 mRNA" were clearly observed in El and E6, whereas the signals were very weak or undetectable in the C l , C2, and parental HEL cells (Fig 7C) . In addition, we performed FACS analysis using a monoclonal antibody against human platelet integrin allbp3 (GPIIb-IIla) complex. As To clarify the function of the HOX4A gene, we obtained stable HOX4A transfectants by introducing HOX4A sense or antisense constructs into HEL and K562 cells. Distinct morphologic changes were induced by overexpression of the HOX4A gene in the HEL transfectants, but little occurred in the K562 transfectants. The sense HEL transfectants with high levels of HOX4A mRNA showed aggregate formation. The aggregates of the sense transfectants were composed of densely associated cells and adhered to tissue-culture dishes, whereas the parental HEL cells and antisense transfectants attached poorly to tissue-culture dishes. The property of aggregate formation was shown by cells maintained in continuous culture for over a year, suggesting that the exogenous HOX4A gene was stably integrated into the chromosomal DNA in the sense transfectants. Furthermore. we found that the sense transfectants overexpressing the HOX4A gene adhered more efficiently to tibronectin. collagen. and tissueculture dishes than did the antisense transfectants and parental HEL cells. In addition. the sense transfectants with high levels of HOX4A mRNA were more adhesive than native HEL cell clones with low levels of HOX4A mRNA. These findings indicate that overexpression of the HOX4A gene enhanced cell-extracellular matrix adhesion by mediating interactions between receptors and ligands. In contrast. Shen et al'" reported that overexpression of the HOX2B gene in HEL and K562 cells was associated with loss of erythroid features in both cell lines. Because they did not find an alteration of cell adhesion properties in HEL and K562 cells overexpressing either the HOX2A or HOXZR gene. regulation of cell adhesiveness might be a specific function of the HOX4A gene.
The integrins. a family of cell surface adhesion receptors, are composed of noncovalcntly associated a and p subunits and play a prominent role in mediating cell-cell and cellextracellular matrix attachments. '5 The HEL cell line expresses several integrin complexes: the a5pl integrin (a fibronectin receptor). the avo3 integrin ( a vitronectin receptor). and the allhp3 integrin (the platelet GPIlb-Illa which acts as a fibrinogen and fibronectin re~eptor).~"'~'.~' Northern blot analysis showed that mRNA levels of integrin p-3 were significantly increased in the sense transfectants overexpressing the HOX4A gene, whereas the levels of integrin allb and pl mRNA did not have a distinct relation to those of the HOX4A mRNA. Because we could not detect integrin a5 and aV mRNA in the transfectants and parental HEL cells by Northern blot hybridization.
the levels of a5 and aV mRNA were clearly lower than those of allb and pl 
